Background and aims Drought leading to soil water deficit can have severe impacts on plants. Water deficit may lead to plant water stress and affect growth and chemical traits. Plant secondary metabolite (PSM) responses to water deficit vary between compounds and studies, with inconsistent reports of changes to PSM concentrations even within a single species. This disparity may result from experimental water deficit variation among studies, and so multiple water deficit treatments are used to fully assess PSM responses in a single species.
INTRODUCTION
Plant secondary metabolites (PSMs) are compounds synthesized by plants and stored in various plant organs (Fahn, 1979; Kutchan, 2005) . PSM synthesis occurs via multiple biosynthetic pathways (Moore et al., 2004; Ashour et al., 2010; Petersen et al., 2010) , yet all PSM biosynthesis requires resources. Water is fundamentally vital for plant growth and development. Limited soil water restricts root water uptake and within-plant water transport, along with the uptake and transport of nutrients (McDowell et al., 2008) . With limited water uptake, plants reduce transpirational water loss by reducing the aperture of the stomatal pore. This desiccation-triggered stomatal closure is mediated by the phytohormone abscisic acid (ABA), which accumulates in leaves when plants cross a threshold leaf water potential (Pierce and Raschke, 1981; McAdam and Brodribb, 2016) . Prolonged water deficit can result in a negative withinplant carbon balance because carbon assimilation is inhibited by stomatal closure and within-plant carbon stores are depleted (McDowell et al., 2008) . Therefore, even though plants can minimize transpirational water loss by closing stomata, decreasing levels of water in the soil fundamentally impact the ability of plants to access resources and, as such, a certain level of water deficit should lead to inhibited PSM biosynthesis.
The literature contains contradictory reports of water deficit impacts on PSM concentrations, with opposing effects on a chemical trait found across different species (e.g. Pizarro and Bisigato, 2010) , but also within species (McKiernan et al., 2014 (McKiernan et al., , 2016 . For example, the concentration of 1,8-cineole in Eucalyptus camaldulensis leaves have been reported to increase (Leicach et al., 2010) or decrease (Doran and Bell, 1994) due to water deficit. Water deficit can also have no impact on concentrations of many PSMs (Pizarro and Bisigato, 2010; McKiernan et al., 2014 McKiernan et al., , 2016 . Of particular interest are reports of higher PSM concentrations due to water deficit, as this indicates that even though some resources are limited, PSM accumulation continued while other traits were negatively impacted (Leicach et al., 2010; Azhar et al., 2011; Yadav et al., 2014) . Herms and Mattson (1992) suggest that any resource limitation that inhibits growth more than photosynthesis would increase the resources available for PSM synthesis. For example, growth may be inhibited by moderate water deficit yet photosynthesis can continue, which results in a carbon surplus which may be used for PSM synthesis (Herms and Mattson, 1992) leading to elevated PSM concentrations (Leicach et al., 2010; Azhar et al., 2011; Yadav et al., 2014) . As such, variation among studies detailing PSM responses to water deficit may result not only from differences between species stress tolerance strategies, but also variation in the levels of experimentally applied water deficit.
Here, the effects of water deficit on concentrations of specific PSMs in the forest tree Eucalyptus globulus are further investigated. While native to south-eastern Australia (Dutkowski and Potts, 2012) , E. globulus is grown commercially worldwide . Eucalyptus globulus foliage contains many phenolics [including tannins and formylated phloroglucinol compounds (FPCs)] and terpenes, some of which have previously been quantified in observational and experimental studies (e.g. Eyles et al., 2003; Close et al., 2004; O'Reilly-Wapstra et al., 2004 , 2010 Rapley et al., 2007; Smith et al., 2007; Freeman et al., 2008) . However, few studies have investigated E. globulus PSM concentrations in relation to water deficit (McKiernan et al., 2014 (McKiernan et al., , 2016 Jesus et al., 2015) . From these publications, our own work details contrasting responses of certain PSMs to water deficit. For example, McKiernan et al. (2014) described how 50 % water availability resulted in 17 % lower total phenolic concentrations in juvenile E. globulus leaves while concentrations of condensed tannins remained stable. In contrast, recent work showed that 50 % water deficit had no effect on total phenolic concentrations while condensed tannin concentrations were 23 % higher in juvenile E. globulus (McKiernan et al., 2016) . While both studies incorporated a treatment of 50 % reduction in available water, the method used to calculate treatments differed. Specifically, applied water for each treatment was calculated from gravimetric water loss in both experiments; however, McKiernan et al. (2014) measured transpirational water loss from plants in sealed pots while McKiernan et al. (2016) measured evapotranspirational water loss from open pots. Differences in the amount of water available to plants of a species during these watering cycles may account for the PSM response variation reported in our previous work, and also variation reported in the literature. To clarify the responses of PSMs in E. globulus to water deficit, multiple levels of continuous water deficit are used to determine the effect of each watering level on the concentrations of specific PSMs.
Juvenile E. globulus were used in a glasshouse-based trial to investigate the impact of ten different water deficit levels on leaf C/N and PSM concentrations. The PSMs selected were quantified in our previous work where contrasting plastic responses were identified (McKiernan et al., 2014 (McKiernan et al., , 2016 , and some have also been quantified from Eucalyptus foliage by other authors (Miles et al., 1982; Doran and Bell, 1994; Gleadow and Woodrow, 2002; King et al., 2004; Leicach et al., 2010; Jesus et al., 2015) . Morphological and physiological trait plasticity under soil water deficit was also quantified to compare with chemical trait plasticity, and to assess plant stress. We were specifically interested in determining the level of soil water deficit at which each individual chemical, morphological and physiological trait was impacted. A certain level of water deficit (i.e. one of the mild treatments) should cause plants to signal stomatal closure by increasing foliar ABA levels (Pierce and Raschke, 1981) . The resulting reduction in stomatal aperture would inhibit within-plant water loss yet also reduce C intake and assimilation (McDowell et al., 2008) . Once a water deficit level had induced stomatal closure to conserve within-plant water, we expected that plant growth would be inhibited and that leaf water potential (W leaf ) would be more negative in a more severe treatment. Levels of water deficit that reduced growth would result in higher PSM concentrations and extreme levels of water deficit leading to plant stress should lower PSM concentrations (Herms and Mattson, 1992) . The aim of this study was to determine the level of water deficit required to alter each trait in juvenile E. globulus.
MATERIALS AND METHODS

Plant material
Eucalyptus globulus seeds were collected from multiple trees (n ! 3) at each of five localities from across the species range. Localities were Southern Tasmania (ST), Queens Domain (QD), St Helens (SH) and King Island (KI) in Tasmania as described by McKiernan et al. (2016) , and Jeeralang North (JN) in Victoria (Dutkowski and Potts, 1999) . Multiple provenances which encompass a large range of E. globulus genetically based drought tolerance (mature trees; Dutkowski and Potts, 2012) and diverse foliar chemical profiles (O'Reilly-Wapstra et al., 2004; Wallis et al., 2011) were used to obtain a robust specieslevel response. Seed trees within each locality were at least 100 m apart to prevent sampling highly related individuals, and open-pollinated seed from a single tree was pooled.
Eucalyptus globulus seeds from all seed trees were germinated and grown for 1 month. Uniform size (cotyledons and one leaf pair) seedlings from each locality were transplanted into individual plastic pots. Potting mix contained eight parts composted fine pine bark to three parts course river sand and N/P/K [19 : 2Á6 : 10] at 1 g L À1 potting mix. Seedlings (n ¼ 110) were grown for a further 12 weeks, then re-potted into larger pots (115 Â 138 Â 250 mm) containing exactly 900 g of potting mix (430 g dry mass) with extra fertilizer [5 g Osmocote every 3-4 months (N14 : P6Á1 : K11Á6) per pot] and wetting agent (Everris Hydraflo) added at 1Á35 L m À3 of potting mix. All 110 pots contained equal bulk density of potting mix and a single eucalypt. Potted plants were arranged in a randomized block design in a naturally lit glasshouse (midday light approx. 1350 mmol m À2 s
À1
; midday temperature approx. 26 C), where plants of each locality (randomly selected with respect to seed tree) were randomly but evenly divided between treatments (n ¼ 11) and replicate blocks (n ¼ 10). Each replicate contained a single plant from each treatment, and replicates were completely randomized within a glasshouse. All plants were watered daily, and grown for a further 6 weeks before the experimental treatments were applied.
Experimental treatments
Treatments began in February 2013 (summer) when eucalypts were 6 months old. One of 11 different watering regimes (treatments) was allocated to plants (Table 1) . Treatments were control [watered daily to field capacity (100 % water treatment)] and ten levels of water deficit ranging in 10 % increments from 90 to 0 % replacement of mean evapotranspiration from controls. Initially, water was withheld from all water deficit plants (controls continued to be watered) for 3 d to cause plant stress indicated by wilting. Evapotranspiration was monitored daily (gravimetrically) on control plants and a percentage (90-0 %) of the rolling daily mean from 3 d was calculated continuously over 8 weeks (Mitchell et al., 2013) . Plants in water deficit treatments were watered every other day, so the calculated percentages of control evapotranspiration were multiplied by 2 before application, creating ten pulsed but continuous levels of water deficit (Table 1) . Clear plastic bags were placed over the base of all water deficit pots (90-0 %) to eliminate drainage without inhibiting evaporation. Plants were at no stage waterlogged. Treatments were maintained for 8 weeks before plants were harvested.
Sample collection
Sampling occurred over 2 d (five replicates each day) with a watering day in between on which no sampling was undertaken. On the two harvesting days, water-limited plants (90-0 % treatments) were not watered and control plants were watered to field capacity. On each sampling day, plants to be harvested were placed in full sunlight for >30 min. Five plants per treatment (100-10 % treatments) were randomly selected a priori for measurement of W leaf to quantify plant stress (Brodribb and McAdam, 2011) . A single fully formed juvenile leaf was taken in full midday sunlight (1500-2000 mmol m À2 s
À1
) and W leaf was quantified using a Scholander pressure chamber (PMS, Albany, OR, USA). W leaf was not assessed on 0 % water plants as these had died. All living plants (i.e. excluding the 0 % treatment) were assessed for foliar ABA level as an indicator of plant responses to treatments (McAdam and Brodribb, 2014) . A fully expanded juvenile leaf was taken from a uniform position on each plant, leaves of two or three plants of a treatment were pooled to give four ABA samples per treatment (n ¼ 44 total), and the samples were immediately immersed in liquid nitrogen then stored at À 70 C. Following this, all plants were harvested in turn.
The stem was cut and total fresh above-ground biomass was determined. Visual assessment revealed marked differences in plant growth among the 11 treatments. Eucalypts that received a high percentage of water had continued to grow and develop new leaves, whereas eucalypts that received minimal water grew little and 0 % water plants died. In addition, well-watered eucalypts (100-70 % treatments) abscised older leaf pairs during development. As such, sampling leaves from consistent nodes was not possible across treatments, and so only the uppermost eight fully formed undamaged leaf pairs of each plant were harvested. The eight leaf pairs were stripped from the stem, pooled and mixed. A random sub-sample was frozen (À12 C) for oil analysis, and remaining leaves were then weighed, frozen, freeze dried, re-weighed [for sample water content expressed as percentage fresh weight (%f. wt)] and ground for analysis of carbon, nitrogen and PSMs. The fresh stem and un-harvested leaves were weighed and oven dried at 40 C to constant mass. Total dry above-ground biomass was determined using dry stem and leaf mass, fresh total above-ground biomass and the calculated dry mass of harvested leaves.
Abscisic acid (ABA)
Extraction of foliar ABA followed the method described by McAdam and Brodribb (2014) except that $0Á2 g of pooled leaves was used per sample. Endogenous ABA levels were quantified using an added internal standard by a Waters ultraperformance liquid chromatograph coupled to a Xevo triple quadrupole mass spectrometer (UPLC-MS), with results expressed as ng g À1 f. wt.
Plant secondary metabolites
A number of PSM groups and individual compounds which have known ecological roles (Wiggins et al., 2006; Ormeño et al., 2009; Youngentob et al., 2011; Chomel et al., 2014) were assayed to investigate the impact of water deficit on PSM concentrations. Compound quantification involved both wet chemical analysis on a subset of samples and predictive modelling using spectra generated by near-infrared spectroscopy as described by McKiernan et al. (2016) . The methods of extraction and quantification of total oil and the five most abundant terpenes (1,8-cineole, a-pinene, globulol, aromadendrene and limonene) are described by McKiernan et al. (2012) . Briefly, oil was extracted from frozen leaf samples in a dichloromethane (DCM) stock solution containing n-heptadecane as an internal standard. The total oil was calculated from the sum area of all peaks detected by gas chromatography-mass spectrometry relative to the n-heptadecane internal standard, and the peak area of each major component was calculated as a relative percentage of the total oil area *Mean water applied to controls (italics) represents the mean amount of water required to replace water lost through evapotranspiration. Controls were watered daily and daily evapotranspiration was recorded. Mean control evapotranspiration of the previous 3 d was used to calculate water applied to deficit treatments every second day, calculated as the percentage of the control mean multiplied by 2 d. Control s.d. value indicates variation in evapotranspiration due to local weather variability over the 8 weeks. As all other treatments were calculated from control water loss, there was also variation in water applied to treatments over 8 weeks. Plants in the 0 % water treatment received no water for 8 weeks. (McKiernan et al., 2016) . Phenols were extracted from freezedried and ground leaf samples (Hagerman, 2002) , then total phenolics (TPs) were quantified using gallic acid standards following the modified Prussian Blue assay (Graham, 1992) . Phenol extracts and sorghum tannin standards were used to quantify condensed tannin (CT) concentrations as described by Porter et al. (1986) . Two macrocarpals (A and G) and a group of late-eluting FPCs (eluting just before and after macrocarpal G) were assayed by high-performance liquid chromatography (HPLC) following the methods of Wallis and Foley (2005) . Concentrations of 1,8-cineole and a-pinene were expressed as mg g À1 d. wt using standards, while the concentrations of total oil and oil components were expressed as mg g À1 d. wt cineole equivalents. TPs were expressed as mg g À1 d. wt gallic acid equivalents, and CTs were expressed as mg g À1 d. wt sorghum tannin equivalents. Macrocarpal A was expressed as mg g À1 d. wt, while macrocarpal G and a group of late-eluting FPCs was expressed as mg g À1 d. wt macrocarpal A equivalents. Chlorogenic acid was also quantified as it is a major antioxidant in some plant species, which limits cell damage during water stress and rehydration ( Zivkovi c et al., 2010) . Chlorogenic acid was quantified using a Waters Acquity H-series UPLC, Waters Acquity Photodiode Array detector, an Acquity BEH C18 1Á7 lM column (2Á1 Â 100 mm), a chromatogram at 325 nm (retention time: 1Á18 min) and a pharmaceutical-grade chlorogenic acid reference standard (Sigma-Aldrich, St. Louis, MO, USA) as described by McKiernan et al. (2016) , and expressed as mg g À1 d. wt.
Statistical analysis
We were primarily interested in pairwise testing of each water deficit treatment with controls, but also examined the response of E. globulus provenances from the five localities. Testing of fixed effects [replicate (ten), sampling day (two), water treatment, locality and the treatment Â locality interaction] was undertaken using general linear models (PROC GLM of SAS version 9.2, SAS Institute Inc., Cary, NC, USA). No significant difference between replicates or sampling days was identified for any trait. For each trait quantified, there was no statistical evidence that the provenances responded differently to the water deficit treatments (data not shown). As such, the locality fixed effect was removed from the analysis and is not discussed. However, locality means for each trait are provided (Supplementary Data Table S1 ). To summarize the multivariate patterns of chemical variation between treatments, all PSM traits were analysed using discriminant analysis (PROC DISCRIM of SAS) with each treatment treated as a separate group. Residuals for all variables were checked for assumptions of normality and heterogeneity of variances, and transformations made where necessary. Total oil, a-pinene, 1,8-cineole, aromadendrene, limonene, ABA and W leaf data contained no zero values and were transformed to their natural logarithm.
RESULTS
Leaf water potential (W leaf ) and ABA level Soil water deficit had a dramatic impact on both W leaf (F 9,49 ¼ 15Á5, P < 0Á001) and foliar ABA levels (F 10,43 ¼ 4Á6; P < 0Á001) which were used as a measure of plant stress (W leaf ) and for an indication of plant signalling stomatal closure (ABA). Compared with controls, W leaf became significantly more negative in plants provided 40 % or less water (Fig. 1A) . Plants receiving just 10 % of the water used by controls had mean W leaf of À 2Á6 MPa and were severely stressed ( Fig. 1A ; Supplementary Data Table S2 ). The mean foliar ABA levels ranged nearly three-fold between treatments, from 319 ng g À1 f. wt in controls (100 % water) up to 1092 ng g À1 f. wt in plants that received only 10 % water (Fig. 1B) . Compared with controls, foliar ABA levels were significantly higher when provided 70 % water and 50-10 % water (Fig. 1B) . . Treatments were based on water loss via evaporation and transpiration from controls (100 % water). Bars indicate standard error. Asterisks within each graph indicate values significantly different from the control using pairwise comparisons from Tukey's post hoc tests. Fitted curves are power trendlines. *P 0Á05, **P < 0Á01, ***P < 0Á001.
Effect of water deficit on plant growth, leaf water content and element concentrations
Providing plants 20 % water resulted in less plant biomass compared to controls ( Fig. 2A) . Specifically, the mean biomass of E. globulus in the 20 % (93 g À1 d. wt), 10 % (80 g À1 d. wt) and 0 % (10 g À1 d. wt) treatments was significantly less than the mean control biomass of 242 g À1 d. wt (all P < 0Á001). A 40 % reduction in water availability (60 % water treatment) resulted in a small but significant (P ¼ 0Á05) reduction in leaf water content (Fig. 2B) . The greatest effect of water deficit on leaf water content in living plants was recorded in eucalypts of the 20 and 10 % water treatments compared to controls (leaves containing 60, 55 and 71 % water, respectively). The extremely low water content of 0 % water treatment plants (Fig. 2B ) is explained by plant death and leaf desiccation. Water deficit also significantly affected leaf C/N, resulting from changes to leaf N and not leaf C content (Table 2 ). Leaf C/N remained relatively stable among all treatments (Fig. 2C) , with the exception of elevated C/N resulting from decreased N in plants which died (0 % water treatment in Supplementary Data Table S2 ).
Stability of PSM concentrations during soil water deficit
The concentrations of most PSMs remained stable regardless of any water deficit treatment (Table 2) . Only the total oil concentration was significantly affected by water deficit (Table  2) . Significantly lower total oil concentration was identified in dead leaves of juvenile E. globulus from the 0 % water treatment (Fig. 2D) , which contained 33 mg g À1 d. wt mean total oil (Fig. 1E ) compared to 50 mg g À1 d. wt in controls. Multivariate analysis was used to investigate differences between treatments using all PSMs extracted in this study. Water deficit only affected the overall PSM profile of juvenile E. globulus leaves when 10 % of control evapotranspiration was provided (Fig. 3) . For the most part, PSM profiles among treatments were very similar. Severe water limitation (10-0 % water) appeared most linked with the x-axis (cv1), which explained 77 % of the total PSM variation between treatments (Fig. 3) . From the analysis of individual compounds and PSM groups (i.e. total oil, late-eluting FPCs, TPs and CTs) the variation in overall PSM profiles among treatments (Fig. 3) appears to be driven by changes to the concentration of many compounds in the total oil rather than by any single quantified oil component.
DISCUSSION
Trait responses to water deficit in relation to initial hypothesis
The use of a gradient in levels of soil water deficit enabled us to assess the variation in responsiveness of physiological traits, chemical traits and growth in juvenile E. globulus. The statistically significant responses to each water deficit level are summarized in Fig. 4 , yet the trendlines (Figs 1 and 2) show that some traits may be affected by a milder water deficit level than the statistically significant level if greater replication was used. Overall, the order in which most traits were significantly affected by reductions in water availability supports our initial hypothesis. However, the levels of water deficit required to affect each trait were unexpected. For example, these juvenile E. globulus were only able to tolerate a 20 % reduction in water availability (80 % water treatment) before measures to limit water stress were evident. This initial response was observed in plants from the 70 % water treatments, where foliar ABA levels were higher (Fig. 1B) , indicating that this restriction of water was sufficient to trigger ABA biosynthesis and thus stomatal closure (Pierce and Raschke, 1981; McAdam and Brodribb, 2016) . While stomatal closure may have inhibited water loss and avoided stress in plants of the 70-50 % treatments, the significantly lower ÀW leaf in plants of the 40 % water treatments demonstrate the limited effectiveness of stress avoidance mechanisms in these E. globulus (Fig. 1B) . Below the 50 % water stress avoidance threshold, juvenile E. globulus water stress tolerance may rely on other traits such as those which provide resistance to vascular cavitation (Tyree and Sperry, 1989; Hacke and Sperry, 2001; Cochard et al., 2007; Brodribb and Cochard, 2009 ). We initially hypothesized that once growth was limited by low cellular water levels, PSM concentrations would increase as photosynthesis continued (Herms and Mattson, 1992) . However, growth was only significantly limited once water availability was 20 % control water and a mean W leaf of À 1Á7 MPa was reached ( Fig. 2A) . By that point an upregulation of PSM biosynthesis may have been resource-limited. No support for our initial hypothesis regarding PSM upregulation during moderate water deficit was found, while the overall effect of water deficit on PSMs in this study is negligible.
The concentrations of most PSMs in leaves of these plants were comparable with concentrations in leaves of well-watered control plants, suggesting that PSM accumulation primarily occurred before treatment commencement and that no repurposing of PSM components occurred during water deficit. An effect of water deficit on total oil concentration was detected (Table 2 ), yet this effect was limited to desiccated nonfunctional leaves of eucalypts from the 0 % water treatment (Fig. 2D) . As Eucalyptus oil is highly volatile (Lawler et al., 1999) , the low oil concentration detected in dead leaves may be linked to desiccation damage of oil storage organs such as oil glands (Fahn, 1979) , while storage of phenolics in the vacuole (Kutchan, 2005) remained secure. The actual mechanism which led to a lower oil concentration in dead leaves could not be identified, yet the remaining oil content was still substantial (Fig. 2D ). As such, the complete retention of phenolic and FPC concentrations, as well as retention of 65 % of the total oil concentration in dead juvenile E. globulus leaves, suggests that ecological roles of these PSMs may continue long after plant death (Whitham et al., 2012) . For example, PSMs in juvenile E. globulus leaf litter could influence litter decomposition (Ushio et al., 2013) , invertebrate communities (Barbour et al., 2009 ) and flammability (Ormeño et al., 2009 ) after senescence from the plant.
Secondary metabolite responses to water deficit differs among our studies
The motivation for this study came from publications detailing contrasting quantitative responses of PSMs to water deficit within a species (e.g. Miles et al., 1982; Doran and Bell, 1994; Leicach et al., 2010) . Since then, two of our own publications have detailed non-consistent juvenile E. globulus PSM responses to water deficit (McKiernan et al., 2014 (McKiernan et al., , 2016 . The results presented here further differ from our previous work, and while quantitative PSM changes in all three studies were modest, reasons for these differences should be considered. For example, McKiernan et al. (2016) found that a 50 % water treatment caused higher condensed tannin concentrations and lower macrocarpal A, macrocarpal G and late-eluting FPC concentrations. Here, a 50 % reduction in available water had no significant effect on any individual PSM compound or bulk PSM group including condensed tannins and FPCs. Earlier, McKiernan et al. (2014) showed that concentrations of total phenolics were lower in a 50 % water treatment, yet in the present study condensed tannin and individual phenolic (FPCs) concentrations remained stable. When seeking the reason for these variable results, aspects of the experimental design including plant genetics could be considered. However, in two of these studies no variation in PSM responses to water deficit of E. globulus from diverse provenances was identified (current work and McKiernan et al., 2016) . Therefore, if it is assumed that genetically based PSM biosynthesis in E. globulus is equally and uniformly effected by a specific level of water availability, variation in PSM responses to water deficit between experiments must be due to environmental, Blank P > 0.05, *P 0Á05, **P < 0Á01, ***P < 0Á001. FIG. 3. Ordination summarizing the overall response of juvenile Eucalyptus globulus leaf chemical traits to 11 levels of water availability ranging from 100 % (controls) to 0 % (no water for 8 weeks) in 10 % increments. Only treatments significantly (P 0Á05) differing from the control are labelled. The axes are the first two canonical variates derived from discriminant analysis, summarizing the overall response of macrocarpal G, macrocarpal A, late-eluting FPCs, total phenolics, condensed tannin, chlorogenic acid, 1,8-cineole, a-pinene, limonene, aromadendrene, globulol and total oil concentrations. 1,8-Cineole, a-pinene, limonene and total oil data were transformed to their natural logarithm. Bars indicate standard error along each axis. Percentages along each axis indicate the proportion of variation explained by each canonical variate. *P 0Á05, **P < 0Á01, ***P < 0Á001.
100 90 (Control) Water availability (%) To the best of our knowledge, only one other group has experimentally tested the effect of water deficit on PSM concentrations using E. globulus. Jesus et al. (2015) report a significant increase in foliar total phenolic concentration in clonal E. globulus grown from rooted cuttings and subjected to 2 weeks of water deficit (15 % field capacity). This result differs from our findings, which showed decreased (McKiernan et al., 2014) or stable total phenolic concentrations (McKiernan et al., 2016) in non-clonal juvenile E. globulus during an extended period of water deficit. A full spectrum of PSM responses to water deficit have been published across many Eucalyptus species over the last 30 years. For example, three studies report the effect of water deficit on PSM concentrations in juvenile E. camaldulensis leaves. Leicach et al. (2010) found that nursery preconditioning (watering only every third day compared to controls watered daily) for 4 weeks increased concentrations of many oxygenated terpenes (including 1,8-cineole) yet had no significant impact on a-pinene or total oil concentrations. In contrast, Doran and Bell (1994) report lower total oil and 1,8-cineole concentrations in the younger leaves of juveniles watered once per week for 5 months compared to controls with continuous water availability. Miles et al. (1982) quantified only leaf phenolic concentration, and showed that water stress causing continuous wilting had no effect on juvenile E. camaldulensis total phenolic concentration. In accordance with our current results, Gleadow and Woodrow (2002) found no effect of 8 weeks of water deficit on total phenolic or condensed tannin concentrations in E. cladocalyx foliage. Lastly, in a field observational study using carbon isotope ratios as a measure of natural water stress, King et al. (2004) identified no difference in total foliar terpene concentration (the most abundant terpene was 1,8-cineole at 78 %) between stressed and non-stressed adult E. polybractea.
As shown above, the responses of PSMs in Eucalyptus to water stress are modest yet highly variable. Overall, it appears that water deficit most often has no effect on concentrations of these commonly quantified PSMs in eucalypts, with inconsistent quantitative changes occurring regularly. Inconsistent changes to PSM concentrations in diverse species have also been described resulting from experimental application of other environmental factors, including elevated CO 2 and ozone (O 3 ) (reviewed by Lindroth, 2010) , UV light and temperature (reviewed by Bidart-Bouzat and Imeh-Nathaniel, 2008) . These reviewers suggested that only further experimentation into how interacting environmental factors affect multiple PSM compounds using a broad range of species and genotypes would advance our understanding. However, even this may prove difficult when investigating water deficit impacts on plants given the lack of standardized water deficit treatments and the variation in experimental techniques used [e.g. numerous levels of water deficit/stress based on polyethylene glycol, water exclusion, field capacity, W soil or stomatal conductance (g s )]. Furthermore, variation in pot height and potting medium type among studies could influence results through their effects on soil water holding ability and aeration (Passioura, 2006) . Even when the same seeds are used for two experiments concurrently in the same glasshouse and subjected to analogous water deficit treatments [50 % water of McKiernan et al. (2016) and the current study], response variation prevents trend elucidation.
CONCLUSION
Juvenile E. globulus were able to tolerate being provided 50 % less water than control plants lost/used through evapotranspiration without any evidence of water stress, and retained PSM concentrations comparable to control plants even when provided only 10 % of control evapotranspired water. Even leaves of dead plants contained foliar PSM concentrations similar to controls, except for significantly lower total oil concentration. While the total oil concentration was lower in dead juvenile E. globulus leaves, no indication was found that any level of water deficit inhibited the accumulation or retention of one group of PSMs more than another group. In conclusion, juvenile E. globulus can tolerate periods of continuous yet moderate water availability leading to stress with little impact on concentrations of PSMs quantified herein. Consistent statistically significant PSM responses to water deficit across experiments remain elusive.
SUPPLEMENTARY DATA
Supplementary data are available online at www.aob.oxfordjour nals.org and consist of the following. Table S1 : least squares means (6s.e.) of morphological and chemical traits in juvenile Eucalyptus globulus from five localities. Table S2 : least squares means (6s.e.) of traits from juvenile Eucalyptus globulus grown under 11 different levels of continuous water availability.
